Using a side-branched volume to tune the acoustic field in a looped-tube travelling-wave thermoacoustic engine with a RC load by Al-Kayiem, Ali & Yu, Zhibin
 
 
 
 
Al-Kayiem, A. and Yu, Z. (2017) Using a side-branched volume to tune the 
acoustic field in a looped-tube travelling-wave thermoacoustic engine with 
a RC load. Energy Conversion and Management, 150, pp. 814-821. 
(doi:10.1016/j.enconman.2017.03.019) 
 
This is the author’s final accepted version. 
 
There may be differences between this version and the published version. 
You are advised to consult the publisher’s version if you wish to cite from 
it. 
 
 
 
 
http://eprints.gla.ac.uk/137946/ 
     
 
 
 
 
 
 
Deposited on: 14 March 2017 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk 
1 
 
Using a side-branched volume to tune the acoustic field in a looped-tube 1 
travelling-wave thermoacoustic engine with a RC load 2 
Ali Al-Kayiem and Zhibin Yu* 3 
School of Engineering, University of Glasgow, Glasgow, Scotland, United Kingdom 4 
*Corresponding author, E-mail: Zhibin.Yu@glasgow.ac.uk 5 
Abstract 6 
Traveling-wave thermoacoustic engine utilises a compact acoustic network to obtain a right 7 
time-phasing between the acoustic velocity and pressure oscillations within the regenerator to 8 
force gas parcels to experience a Stirling-like thermodynamic cycle. As such, thermal energy 9 
can be converted to mechanical work (i.e., high-intensity pressure waves). It is therefore 10 
crucial to control the time-phasing carefully to improve the performance of thermoacoustic 11 
engines. Various ways have been proposed and demonstrated for adjusting time-phasing, 12 
including both passive and active methods. The aim of this study is to introduce a new 13 
passive phase tuning method (i.e., a side-branched acoustic volume) to tune the time-phasing 14 
within a looped-tube travelling wave thermoacoustic engine. The proposed concept has been 15 
investigated both numerically and experimentally in this research. An experimental rig was 16 
simulated and designed using DeltaEC software (Design Environment for Low-amplitude 17 
ThermoAcoustic Energy Conversion). It was then constructed according to the obtained 18 
theoretical model. The result of this study showed a qualitative agreement between 19 
experimental measurement and numerical simulations, demonstrating that the proposed 20 
technique can effectively adjust the phase angle between the acoustic velocity and pressure 21 
oscillations within the loop-tube thermoacoustic engines, and improve its performance. 22 
 23 
Keywords: Phase tuning, Travelling-wave, Thermoacoustic engine, RC load. 24 
2 
 
Nomenclature  25 
 26 
Symbol Quantity SI 
a Sound speed m/s 
P Charging pressure  Pa 
p Acoustic pressure Pa 
T Temperature ºC 
V Volume m3 
ρ Density Kg/m3 
ω Angular frequency rad/s 
𝐶𝑠  Acoustic compliance m
3/Pa 
?̇?𝑖𝑛 Input heating rate W 
𝐸 ̇  Acoustic power  W 
u Acoustic velocity  m/s 
U Volumetric acoustic velocity  m3/s 
Z Normalised acoustic impedance  Pa.s/m3  
ϴ  Phase angle difference  °  
η Energy efficiency % 
   
Abbreviation   
AHX Ambient heat exchanger  
SAHX Secondary ambient heat exchanger  
HHX Hot heat exchanger  
REG Regenerator  
TBT Thermal buffer tube  
FBP Feedback pipe  
RC Resistance – Compliance acoustic load  
 27 
 28 
 29 
 30 
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1. Introduction  31 
A traveling wave thermoacoustic engine is essentially an acoustic equivalent of a 32 
conventional Stirling engine that has a complicated mechanical mechanism to implement the 33 
Stirling power cycle. In a travelling wave thermoacoustic engine, when a modulated sound 34 
wave propagates through a regenerator from the cold to the hot end, the gas parcels undergo a 35 
Stirling-like thermodynamic cycle at a microscopic level due to their complicated interactions 36 
between their displacement and heat transfer with solid porous material of the regenerator [1, 37 
2]. Based on this principle, a travelling wave thermoacoustic engine can be built by 38 
employing a carefully designed acoustic network to tune the pressure oscillation to be nearly 39 
in phase with the velocity oscillation within the regenerator [3, 4]. As such, thermal energy 40 
can be converted to mechanical work (i.e., high-intensity pressure waves) at macroscopic 41 
level. 42 
 43 
A typical traveling-wave thermoacoustic engine includes a pair of ambient and hot heat 44 
exchangers, a regenerator, and an acoustic resonator [4]. The regenerator is sandwiched by a 45 
pair of hot and ambient heat exchangers, forming a so-called “thermoacoustic core”. The 46 
regenerator, similar to that of a conventional Stirling engine, is a section of porous material 47 
with high porosity and large number of tiny passages. It is usually made of stainless steel 48 
mesh discs in practice. In order to achieve perfect heat transfer between the working gas and 49 
the regenerator material, the equivalent pore diameter of those passages within the 50 
regenerators are normally a few times smaller than the thermal penetration depth of the 51 
working medium under the operating conditions [4]. The hot heat exchanger transfers heat 52 
from external heat sources to the working gas within the thermoacoustic engine, while the 53 
ambient heat exchanger rejects heat from the working gas to the external heat sink. This pair 54 
of heat exchangers establishes and maintains a steep temperature gradient along the axis of 55 
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the regenerator to facilitate the Stirling-like thermodynamic cycle process to take place at a 56 
microscopic level.  57 
Similar to Stirling engines [5], thermos-fluidic oscillatory engines [6, 7], and two phase 58 
reciprocating engines [8, 9], thermoacoustic prime movers are external heat engines and can 59 
be powered by all kinds of heat sources (e.g., waste heat sources). Although their working 60 
principle is sophisticated, they are simple to build and maintain due to the absence of moving 61 
parts, and are environmentally friendly as their working fluids are normally inert gases such 62 
as helium or argon.  63 
 64 
There have been continuous efforts to develop thermoacoustic engines over the decades [10-65 
16]. Based on the concept of travelling wave thermoacoustic engines proposed by Ceperley 66 
[1, 2], Yazaki et al. [3] demonstrated the first lopped-tube traveling wave thermoacoustic 67 
engine which, however, only achieved very low energy efficiency because of the large 68 
acoustic losses resulting from high acoustic velocity in the regenerator and resonator. To 69 
reduce such acoustic losses, Backhaus and Swift [4] later developed a so-called travelling 70 
wave thermoacoustic Stirling engine (TASHE). They placed the thermoacoustic core within a 71 
torus that has a length much shorter than the acoustic wavelength. The torus consists of an 72 
inertance tube, an acoustic compliance volume, and a thermoacoustic engine core, forming a 73 
compact acoustic network to obtain a near traveling-wave time-phasing and high local 74 
acoustic impedance (i.e., 15–30 times of ρma/A) within the regenerator. Hence, much higher 75 
energy efficiency has been achieved. Tijani and Spoelstra later designed and built a 76 
thermoacoustic Stirling heat engine prototype, and achieved 49% of Carnot efficiency under 77 
the same working conditions [17].  78 
 79 
5 
 
In addition to the thermoacoustic core, a resonator is essential and it normally has two main 80 
functions: One is to provide a positive feedback mechanism to the thermoacoustic engine 81 
core so that the spontaneous acoustic oscillation induced within the thermoacoustic engine 82 
can be sustained. For this reason, it is sometimes also called a feedback pipe. The other is to 83 
transmit the acoustic power generated within the engine core to acoustic loads [18-20].      84 
 85 
One of the key challenges for developing an efficient travelling wave thermoacoustic engine 86 
is to accurately control and tune the phase angle between the acoustic pressure and velocity to 87 
in-phase travelling-wave condition. In the past decades, various techniques have been 88 
developed for controlling and tuning phase in different engines or coolers, including Stirling 89 
engines, Stirling coolers, pulse-tube coolers, thermoacoustic engines and coolers. 90 
 91 
In conventional Stirling engines and coolers, different mechanical mechanisms involving 92 
crank-arms are used to control the motions of pistons and displacers to force the pressure and 93 
velocity oscillations are almost in phase within the regenerator [5]. Inertance tubes (i.e., a 94 
long and thin tube) have been widely used as phase shifter in pulse-tube coolers to keep 95 
oscillating pressure and volume flow rate in phase in the middle of regenerator [6-21]. A gas 96 
reservoir is normally attached to the end of the inertance tube to create an open-end acoustic 97 
boundary. However, it has also been proposed and demonstrated that an inertance tube can 98 
achieve similar phase shifting effects without a reservoir [22-24].  99 
 100 
In traveling wave thermoacoustic engines, in order to improve system performance, a variety 101 
of techniques have also been proposed and demonstrated to tune the phase angles between 102 
pressure and velocity oscillations. Backhaus and Swift employed an inertance tube combined 103 
with a compliance volume in their TASHE to obtain a travelling wave phasing within the 104 
6 
 
regenerator [4]. Gardner and Swift also used an inertance tube in a cascade thermoacoustic 105 
engine as a phase shifter [6]. Yu et al. [25] demonstrated a travelling-wave thermoacoustic 106 
electricity generator with an ultra-compliant alternator. A side-branched stub has been 107 
introduced to match the alternator to the engine. In addition, an ambient heat exchanger was 108 
also designed to have low porosity and longer length, to work as a phase shifter. Late, Kang 109 
et al. [26] reported a two-stage traveling-wave thermoacoustic generator using two 110 
subwoofers as power converters. One was installed within the engine loop which suppressed 111 
the Geoden acoustic streaming, while the other was installed at the end of a side-branched 112 
pipe. Both a ball valve and the side branched pipe were used to tune the acoustic fields within 113 
their system to the optimal conditions. All the above-mentioned methods can be categorised 114 
as passive techniques.  115 
 116 
In addition to those passive phase tuning methods, active phase tuning techniques have also 117 
been investigated. Desjouy et al. [27] proposed an active control of the spatial distribution of 118 
the acoustic field by means of auxiliary acoustic sources. Two loudspeakers were installed to 119 
the resonator of a looped-tube travelling wave thermoacoustic engine. These two 120 
loudspeakers were carefully controlled to produce and emit sound waves into the 121 
thermoacoustic engine. As such, the acoustic fields within the engine can be tuned to the 122 
optimal conditions to maximise the thermal-to-acoustic energy conversion occurring within 123 
the thermoacoustic core. It was reported that the appropriate tuning of the two auxiliary 124 
sources could increase the acoustic work production in the engine.  125 
 126 
Simplicity is the most mentioned advantage of thermoacoustic engines. Although the active 127 
control of acoustic field is very interesting from the theoretical prospective, it is practically 128 
not very attractive because it complicates the design and operation of the engine and 129 
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introduces extra moving parts. Passive tuning of the acoustic field is apparently more 130 
attractive due to its simplicity and absence of moving parts.  131 
According to the literature review above, one can see that the control and optimisation of the 132 
acoustic field (particularly the time-phasing) within thermoacoustic engines are critical for 133 
improving their efficiency. However, the mechanism of phase tuning has not been fully 134 
understood, and remain an interesting subject. It is therefore important to explore new phase 135 
tuning methods. Simple, passive and effective phase tuning methods are particularly needed.    136 
 137 
This research proposes a new passive phase tuning technique that uses a side-branched 138 
variable acoustic volume to tune the phase angle between the acoustic velocity and pressure 139 
oscillations in a looped-tube travelling wave thermoacoustic engine. Acoustically speaking, 140 
such a volume introduces a parallel acoustic compliance to engine’s feedback pipe that is 141 
essentially an acoustic waveguide. It can shunt part of the acoustic volumetric velocity away 142 
from the feedback pipe at the location where it is installed. As such, it can adjust the local 143 
acoustic impedance within the feedback pipe of the engine, subsequently the phase angle 144 
between the acoustic pressure and velocity along the engine. In theory, it does not introduce 145 
any acoustic resistance and inertance, so it is simple and compact to build and does not 146 
consume acoustic power.  147 
 148 
In this paper, the function of the proposed phase tuning method is firstly modelled and 149 
demonstrated through a series of comprehensive numerical simulations based on DeltaEC 150 
software (Design Environment for Low-amplitude ThermoAcoustic Energy Conversion) [28, 151 
29]. An experimental rig is then constructed to demonstrate its function experimentally. The 152 
obtained experimental results verify the numerical model qualitatively, and demonstrated that 153 
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the performance of the engine can be improved by using a side-branched acoustic volume as 154 
a passive phase tuning device.   155 
 156 
2. Numerical simulations  157 
Previous research showed that the acoustic velocity tends to be high at some locations along 158 
the looped-tube travelling-wave thermoacoustic engine due to the inconsistent cross-sectional 159 
area along the engine. A stub was introduced to correct the acoustic field within the looped-160 
tube engine [25]. It was found that the compliance component of the side-branched stub 161 
played an important role in improving the performance of the engine, while the acoustic 162 
resistance of the stub did not contribute to the phase tuning effect but consumed acoustic 163 
power especially when the engine operated at high power level.  164 
 165 
 166 
Fig.1. Schematic of the experimental system. 167 
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 168 
In this paper, a side-branched volume is introduced to the looped engine to tune the phase 169 
angle between the pressure and velocity oscillation within the engine. The looped-tube 170 
travelling wave thermoacoustic engine was the first implementation of the travelling wave 171 
thermoacoustic engine [3]. It has the simplest geometric configuration for constructing 172 
travelling wave thermoacoustic engines, and therefore is relatively easy to model. Fig. 1 173 
shows the schematic of the system that is investigated in this research 174 
 175 
As shown in Fig. 1, this engine consists of an ambient heat exchanger (AHX), a regenerator 176 
(REG), a hot heat exchanger (HHX), a thermal buffer tube (TBT), a secondary ambient heat 177 
exchanger (SAHX). In order to evaluate the engine’s performance, a RC acoustic load (i.e., a 178 
combination of acoustic resistance and compliance [12]) is installed.  179 
 180 
From the acoustical point of view, such a side-branched acoustic volume forms a Helmholtz 181 
resonator. In theory, it will not consume acoustic power as it only stores acoustic power. Its 182 
acoustic compliance 𝐶𝑠  is defined as  183 
 184 
 𝐶𝑠 =
𝑉
𝛾𝑃𝑚
 ,                      (1)   185 
 186 
 where V, 𝑃𝑚 and  𝛾 are the volume, mean pressure and the ratio of specific heat capacity, 187 
respectively [29]. The compliance is varied by changing the size of the side-branched volume 188 
in both experiments and simulation.  189 
 190 
DeltaEC code has been employed to simulate the present thermoacoustic system. It uses a 191 
simplified one-dimensional approximation and assumes that the amplitude of oscillation is 192 
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low and has sinusoidal time dependence [28]. The basic mathematic model has been 193 
summarised and shown in Appendix A.  The design process involves a series of 194 
comprehensive simulations. Some typical simulation results are presented in this section to 195 
demonstrate the working principle of the rig, as well as the function and effectiveness of the 196 
proposed phase tuning device, i.e., the side- branched acoustic volume.  The side-branched 197 
volume is varied to achieve the maximum acoustic power generated in the engine. To allow 198 
the analysis of engine’s performance, energy efficiency η is defined as 199 
𝜂 =
?̇?𝑙𝑜𝑎𝑑
?̇?𝑖𝑛
 ,         (2) 200 
where ?̇?𝑙𝑜𝑎𝑑is the acoustic power extracted and consumed by the RC load, and ?̇?𝑖𝑛 is the heat 201 
power input to the engine via the hot heat exchanger. The working gas is air at atmospheric 202 
pressure, and operating frequency is set as around 60 Hz. The heating power is fixed at 203 
around 260 Watts in all simulations. The simulation results of the optimised model are 204 
summarised and presented in Fig. 2 (a-e). 205 
 206 
Figure 2 (a) shows the distribution of the acoustic power flow along the engine. Around 36 W 207 
of acoustic power flows into the ambient heat exchanger of the engine core and it is amplified 208 
inside the regenerator to around 87 W. The hot heat exchanger, thermal buffer tube, and a 209 
section of feedback pipe dissipate around 27W of acoustic power. The acoustic power 210 
dissipated by the side-branched Helmholtz resonator is unnoticeable as expected. There is a 211 
sharp drop of acoustic power at the location where the RC acoustic load is connected. The 212 
RC load extracts around 16 W of acoustic power. The section of feedback pipe between the 213 
RC load and the engine core further dissipates around 8 W of acoustic power, and the 214 
remaining 36 W acoustic power is fed back to the engine core. The heating power is around 215 
260 W, so the calculated energy efficiency is around 6.1% according to Equation (2).     216 
 217 
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Fig. 2. Simulation results of the acoustic field: (a) Acoustic power flow, (b) pressure 219 
amplitude, (c) volumetric velocity, (d) phase angle between pressure and velocity, and (e) 220 
normalised acoustic impedance. 221 
 222 
 223 
Figure 2 (b) shows the pressure amplitude distribution along the system. It can be clearly seen 224 
that there are two peaks and two troughs of pressure amplitude along the engine loop. One 225 
peak appears at the engine core section (i.e., the regenerator and the hot and cold heat 226 
exchangers), indicating a high acoustic impedance at this location. The RC load is located 227 
close to the other pressure amplitude peak, and the resultant high acoustic impedance could 228 
minimise the RC load’s effect on the acoustic field within the engine. The maximum and 229 
minimum pressure amplitude are around 16.8 and 6.0 kPa along the engine, respectively. The 230 
ratio between them is about 2.8. In an ideal travelling wave condition, this ratio should be 231 
close to 1. Therefore, it can be inferred that the acoustic field has some standing wave 232 
components due to acoustic reflection.   233 
 234 
Figure 2 (c) shows the distribution of volumetric velocity along the system. There are two 235 
peaks and two troughs along the engine loop. Low volumetric velocity within the engine core 236 
is achieved to avoid viscous dissipation within the regenerator and heat exchangers where the 237 
flow resistances are high. It can also be seen that the volumetric velocity increases 238 
significantly due to the sharp temperature gradient along the regenerator. It should be 239 
highlighted that the volumetric velocity decreases sharply at the locations where the side-240 
branched volume (i.e., a Helmholtz resonator) and the RC load are installed, this is mainly 241 
due to the shunt of volumetric flow rate to these two components.  242 
 243 
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Figure 2 (d) shows the phase difference between pressure and velocity oscillations along the 244 
engine loop. It clearly shows that the side branched volume significantly changes the phase 245 
angle between the pressure and velocity from -40◦ to about -4◦, bringing it towards to the ideal 246 
travelling wave condition, i.e., 0◦. The RC-load changes the phase angle slightly by around 4◦, 247 
moving it away from the ideal travelling wave conditions. This Fig. clearly demonstrates that 248 
the side-branched volume can effectively adjust the phase angle in the engine.   249 
  250 
Figure 2 (e) presents the normalized acoustic impedance along the system. In this model, it 251 
can be seen that the normalized acoustic impedance in the most parts of the system is around 252 
1 as expected, and it is around 15 at the engine core section.  Usually, the acoustic impedance 253 
within the engine core should be in the range 15-30 times that of ρma to reduce the acoustic 254 
losses [4]. Therefore, this model has met this requirement.  255 
 256 
 257 
Fig. 3. Optimisation of acoustic compliance Cs for efficiency of the engine. 258 
 259 
 260 
14 
 
Figure 3 shows the effect of the side-branched volume on the efficiency of the engine. It can 261 
be seen that the acoustic compliance of the side-branched volume has strong effects on the 262 
performance of the engine. The efficiency firstly increases, and then decreases with the 263 
increase of Cs. There is an optimal value about Cs=2.185x10
-9 m3/Pa. It should be noted that 264 
Cs=2.185x10
-9 m3/Pa was chosen for the optimised model, of which the results are shown in 265 
Fig. 2 (a-e). 266 
 267 
 268 
3. Experimental setup  269 
 270 
Based on the optimised model, an experimental rig was then constructed. Fig. 4 shows a 271 
photo of the obtained experimental rig. The working gas is air at atmospheric pressure. As 272 
shown in both Figs. 1 and 4, this engine consists of an ambient heat exchanger (AHX), a 273 
regenerator (REG), a hot heat exchanger (HHX), a thermal buffer tube (TBT), a secondary 274 
ambient heat exchanger (SAHX), and a RC acoustic load to extract the acoustic power 275 
produced by the engine.  276 
 277 
 278 
Fig. 4 The photo of the experimental rig. 279 
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A side-branched acoustic volume (12.6 cm diameter), whose volume can be varied by 280 
changing the position of a piston connects to the looped-tube engine about 70 cm away from 281 
the secondary ambient heat exchanger. The volume is connected to the loop through a 282 
connection pipe that is 3 cm in length and 2.1 cm in diameter. The total length of the looped 283 
tube engine system is around 4.8 m. The diameters of engine core and acoustic resonator are 284 
65 mm and 20 mm, respectively. As the main interest of this research is to demonstrate the 285 
function of the proposed phase tuning technique rather than obtaining high power output at 286 
high efficiency, atmospheric air is used as working fluid. PVC pipes instead of metal pipe are 287 
used as a feedback pipe to minimise the cost.  288 
 289 
As shown in Fig. 5 (a), the ambient heat exchanger is made of a cooper block which is 65 290 
mm in diameter and 27 mm long. It is a design that has been widely used in the past [9]. Gas 291 
passengers are made of 204 holes (I/D 3 mm) drilled in parallel to the heat exchanger’s 292 
centreline. Two holes with the diameter of 6mm are drilled perpendicular to the heat 293 
exchanger to pass the cooling water. The porosity of the ambient heat exchanger is around 294 
28%. 295 
 296 
 297 
Fig. 5. a) ambient heat exchanger, b) hot heat exchanger, and c) regenerator. 298 
 299 
As shown in Fig. 5 (b), the hot heat exchanger is made from Nickel-Chromium resistance 300 
wire (NIC-80-020-125). The wire is formed into a coil with a 3.2 mm diameter using 0.51 301 
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mm diameter wire. It is inserted inside ceramic tubes to prevent any electrical contact with 302 
the metal case. The diameter and length of the HHX are 65 and 30 mm, respectively. The 303 
porosity of the hot heat exchanger is around 50%. The length of the ceramic tube is 25 mm, 304 
and the outside and inside diameters are 6.4 and 4 mm, respectively. The total resistance of 305 
this heater is about 5 Ohms. Electrical power is supplied to the heater at a maximum voltage 306 
of 50V (which can be varied in the range of 0-50 V) and a maximum current of 10A from an 307 
AC power supply via a feed-through to maintain a good seal.  308 
 309 
As shown in Fig. 5 (c), the regenerator is made of stainless steel mesh screen wire disks with 310 
a mesh number of 50. The disk diameter is 65 mm. The diameter of the wire and the aperture 311 
width are 0.14 mm and 0.375 mm, respectively. In total, 60 mesh disks are placed inside a 20 312 
mm long stainless steel can (1 mm in thickness). The calculated porosity and hydraulic radius 313 
is 78.4% and 126.77 μm, respectively.  314 
 315 
To reduce the heat loss from the high temperature section of the thermoacoustic engine core 316 
to the ambient air, the thermal buffer tube is wrapped with a Ceramic Fibre Insulation 317 
Blanket with a thickness of 25 mm. The secondary ambient heat exchanger (SAHX) is 318 
identical to the main ambient heat exchanger. The RC load [12, 29] consists of a needle valve 319 
(i.e., a RS hydraulic flow control valve 201012) and an acoustic compliance which are 320 
connected in series, as shown in Fig. 1. The volume of the acoustic compliance is 1512.8 321 
cm3. Fig. 5 shows a photo of the experimental rig used in this research.  322 
 323 
Three Type-K thermocouples are installed to measure the temperatures at the two ends of the 324 
regenerator and within the heater. Three pressure sensors (i.e., PCB PIEZOTRONICS model 325 
112A22) are installed at three different positions as shown by PA, PB, and PC in Fig. 1 to 326 
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measure the pressure amplitudes and the phase angles. The phase angles between these 327 
signals are measured by a SR830 DSP lock-in amplifier with an accuracy of 0.01°. A data 328 
acquisition card has been used to record the signals from the thermocouples and pressure 329 
sensors. 330 
 331 
4. Experimental results and analysis 332 
 333 
The acoustic oscillations start spontaneously in the system when the temperature difference 334 
between the cold and hot end of the regenerator exceeds the onset temperature difference 335 
around 247 ◦C.  The operating frequency of this system is measured as 60.5 Hz which agrees 336 
with the simulations. The electric power is fixed as 450 W for all the experiments presented 337 
below, which is much higher than 260 W that was set in the simulations in the Section 2.  338 
 339 
The acoustic power consumption of the RC load technique is measured using a standard two-340 
sensor method [30, 31]. The pressure amplitude and phases at location PB and PC are 341 
measured by two pressure transducers. The phase difference between them is measured using 342 
a lock-in amplifier. The opening of the needle valve controls the acoustic velocity entering 343 
the volume. The optimal opening was obtained experimentally, and kept constant for all 344 
measurements in this section. The acoustic power can be calculated using the equation   345 
 346 
?̇?𝑙𝑜𝑎𝑑 =
𝜔𝑉
2𝛾𝑝𝑚
|𝑃𝐵||𝑃𝐶| sin 𝜃𝐵𝐶 ,              (3)                        347 
                                                                             348 
where 𝜔 is the angular frequency, V is the volume of the compliance after the needle valve, 𝛾 349 
is the ratio of specific heat capacity, 𝑝𝑚 is the mean pressure, 𝑃𝐵 is the amplitude pressure 350 
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before the needle valve, 𝑃𝐶  is the amplitude pressure after the needle valve as shown in Fig. 351 
1, 𝜃𝐵𝐶  is the phase angle difference between two pressure oscillations. 352 
 353 
Fig. 6 shows the effect of the acoustic compliance of the side-branched volume on the 354 
pressure amplitude at location PB. As Cs increases the pressure amplitude firstly increases, 355 
and then decreases. The optimal value of Cs is measured as 2.62×10
-9 m3/Pa, which is close to 356 
the optimal value Cs=2.185×10
-9 m3/Pa as predicted in the simulations (see Fig. 3).  357 
 358 
 359 
Fig.6. Pressure amplitude at location PB changes as Cs varies when the heating power is 360 
kept as constant.  361 
 362 
The side-branched volume has been varied to find out the optimal value of Cs corresponding 363 
to the highest acoustic power output and energy efficiency. Fig. 7 shows the relationship 364 
between acoustic compliance Cs against acoustic power extracted by the RC load. The 365 
measured optimal compliance of the side-branched volume is Cs=2.62x10
-9 m3/Pa, which 366 
again is close to the predicted value as shown in Fig. 3.  367 
 368 
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The experimental results shown in Figures 6 and 7 demonstrate that the side-branched 369 
volume can strongly affect the performance of the engine. The measured optimal value of the 370 
acoustic compliance of the side-branched volume exists and is close to the predicted optimal 371 
value as shown in Fig. 3.   372 
 373 
 374 
Fig. 7. Acoustic power changes as Cs varies when the heating power is kept as constant.  375 
 376 
 377 
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Fig.8. Engine’s energy efficiency changes as Cs varies when the heating power is kept as 379 
constant.  380 
As the heat input power was kept as 450W in the experiments, the energy efficiency of the 381 
experimental rig can then be deduced as shown in Fig. 8. The measured energy efficiency is 382 
much lower than the predictions as described in the Section 2. Nevertheless, the results in 383 
Fig. 8 show a qualitative agreement with the simulations as shown in Fig. 3. Such a 384 
qualitatively agreement demonstrates that the side-branched volume can effectively influence 385 
the performance of the tested engine.    386 
 387 
5. Discussion 388 
 389 
Usually, strong acoustic reflection can be induced due to the inconsistent cross-sectional area 390 
along looped-tube travelling wave thermoacoustic engines. This can result in relatively higher 391 
standing ratio in the acoustic field, consequently higher acoustic velocity at the locations 392 
close to the nodes of the acoustic field. High acoustic velocity normally causes high acoustic 393 
power losses due to the friction between the working gas and the inner wall of the feedback 394 
pipe. Therefore, a logical approach is to reduce the local acoustic velocity without limiting 395 
the acoustic pressure.  396 
 397 
The numerical simulations have clearly demonstrated the working principle of the proposed 398 
phase tuning method. As described in the Section 2, the side-branched volume is essentially a 399 
Helmholtz resonator. As shown in Fig. 2 (c), it is connected to the engine at the location 400 
where the volumetric acoustic velocity is close to its maximum. It shunts away part of the 401 
volumetric velocity from the feedback pipe. It significantly reduces the local volumetric 402 
velocity within the feedback pipe (see Fig. 2(c)), but does not affect the local acoustic 403 
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pressure (see Fig. 2(b)). As a result, the local phase angle between acoustic pressure and 404 
velocity has been significantly improved towards the ideal travelling wave condition, i.e., θ=0 405 
(see Fig. 2(d)). Since a Helmholtz resonator is essentially an acoustic energy storage device, 406 
it does not consume acoustic energy (see Fig. 2 (a)). The effectiveness of the proposed phase 407 
tuning method has been further demonstrated in the Fig. 3. The acoustic compliance has a 408 
strong effect on the engine’s performance, and the simulations predict an optimal acoustic 409 
compliance Cs=2.185x10
-9 m3/Pa, corresponding to the optimal energy efficiency of the 410 
engine.    411 
 412 
The measured efficiency (0.35%) of the actual engine is much lower than the prediction of 413 
6.1% by the simulations as shown in the Section 2. The onset temperature of this system is 414 
about 247 ◦C, which is also much higher than that of the systems tested (around 100 ◦C) in the 415 
Ref [25]. There are several possible reasons behind its poor performance. One is the 416 
significant heat losses due to insufficient thermal insulation around the hot heat exchanger 417 
and thermal buffer tube and acoustic streaming, and the other is the acoustic losses due to the 418 
sudden change of the cross-sectional areas along the engine. The PVC pipe and the poor air 419 
tightness could also reduce the efficiency due to the leakage of sound waves.  420 
 421 
Nevertheless, the main objective of this research is to demonstrate the function of the side-422 
branched volume rather than achiveing high energy efficiency. The experimental results 423 
shown in Figs. 6-8 demonstrated that the side-branched volume has a strong effect on the 424 
performance of the tested engine. It has also been proven that there exists an optimal acoustic 425 
compliance Cs=2.62x10
-9 m3/Pa leading to an optimal energy efficiency (see Fig. 8), which is 426 
close to the predicted value as shown in Fig. 3. This qualitatively agrees with the numerical 427 
simulations.   428 
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  429 
6. Conclusions   430 
 431 
This paper proposes a new method to control and tune the acoustic field within a looped-tube 432 
travelling wave thermoacoustic engine using a side-branched volume. From the acoustic 433 
point of view, such a side-branched volume is essentially a Helmholtz resonator, and thus 434 
does not consume acoustic power. By changing its volume (acoustically speaking, its 435 
compliance), we can change the acoustic impedance at the opening of this Helmholtz 436 
resonator, and thus adjust the acoustic field within the loop-tubed engine as demonstrated in 437 
Fig. 1. It can essentially shunt away part of the volumetric velocity at the low impedance 438 
region of the engine so that the acoustic loss can be reduced within the engine.  439 
 440 
Based on the simulations, a simple experimental rig using inexpensive components and 441 
atmospheric air as working fluid was constructed and tested. Although the measured energy 442 
efficiency of the actual experimental rig is much lower than the predictions due to significant 443 
heat and acoustic power losses in experiments, there is a qualitative agreement between the 444 
simulations and the measurements in terms of the effect of the acoustic compliance of the 445 
side-branched volume on the engine’s performance. Both the simulations and the 446 
experimental results have demonstrated that the proposed side-branched volume can 447 
effectively adjust the acoustic field within the looped-tube engine and affect its performance. 448 
There is an optimal acoustic compliance corresponding to the best performance in terms of 449 
acoustic power output and energy efficiency when the heating power input is fixed.   450 
 451 
The future work will focus on building a high efficiency experimental rig using pressurised 452 
helium as working fluid to further understand fundamental mechanism of this type of phase 453 
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tuning method, and demonstrate and improve its effectiveness.  454 
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Appendix A 460 
According to the linear thermoacoustic theory [28, 29], the thermoacoustic version of 461 
momentum and continuity equations can be written as follows:       462 
1
1
1
M
v
dp j A
U
dx f

 

                                                                                                              463 
(A1)                                                                                                                                                                                  464 
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1 1
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f p U
dx p f T dx


 

        
                 (A2)                                 465 
The time-averaged acoustic power 2dE  produced in a length dx  of the channel can be 466 
written in the complex notation in the general form as 467 
2 1 1
1 1
1
Re
2
dE dp dU
U p
dx dx dx
 
  
 
                                                                                               468 
(A3)                                                                 469 
where, “~” indicates a complex conjugate.  Re denotes the real part of a complex 470 
number. 471 
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(A4)                            473 
where 
vR  is the viscous resistance per unit length of the channel and it can be written as: 474 
 
2
Im
1
vm
v
g v
f
R
A f
 


                                                                                                                             475 
(A5)    476 
1
𝑅𝑘
 is the thermal-relaxation conductance per unit length of the channel and it can be written 477 
as: 478 
 
1 1
Im
g
k
k M
A
f
R p



                                                                                                                     479 
(A6)  480 
while g the complex gain constant for the volume flow rate and it can be written as: 481 
 
  
1
1 1
k v M
v M
f f dT
g
f T dx


 
                                                                                               (A7)482 
  483 
𝐴𝑔  is the cross sectional area of gas channels in the regenerator. Furthermore, 𝐴𝑔 =  𝐴, 484 
where   and 𝐴 are porosity and cross sectional area of the regenerator, respectively. 485 
Equation (A8) quantitatively describes the interaction between the acoustic and temperature 486 
fields. 487 
 
2
1 1
1 2 2
1 1
1 1 0
1
v k v M
k
M M
f f fp dT dpd a
f p
dx T dx dx


   
  
          
                (A8)                          488 
where, p, U, T, ρ, and γ are the pressure, volumetric velocity, temperature, density and the 489 
ratio of specific heat capacities of the gas, respectively; ω and a are the angular frequency 490 
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and sound speed of the acoustic wave; fk and fv are the spatially averaged thermal and viscous 491 
functions, respectively. fk and fv are given in [28, 29] in detail. Subscript “1” indicates the first 492 
order of a variable, which usually has a complex amplitude. 493 
 494 
 495 
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